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“That’s been one of my mantras - focus and simplicity. Simple can be harder than
complex. You have to work hard to get your thinking clean to make it simple. But it’s
worth it in the end because once you get there, you can move mountains.”
Steve Jobs
ULSAN NATIONAL INSTITUTE OF SCIENCE AND TECHNOLOGY
Abstract
School of Electrical and Computer Engineering
Department of Electrical Engineering
Master of Science
Adaptive Neuro-Fuzzy Control Circuit for Cell Equalization in Battery
Management System
by Nguyen Thi Thu Ngoc
In battery system, Li-ion cells are more and more replacing the traditional acid batteries,
due to its lightweight and higher energy density. They are widely used in products such
as the portable consumer electronic devices. Each lithium-ion battery cell can produce
voltage from 1.5V to 4.5V. However, applications such as electronic vehicles (EV) require
much higher voltages. Such high voltage can be achieved through serially connected
cells. Generally, an EV battery pack consists of hundreds of connected individual cells.
However, the imbalance between cells is a severe problem in these high voltage battery
systems. These phenomena cause premature failures of the cells, and possible damage to
the cells. Therefore, in serially connected battery string, balancing voltages between the
battery cells is essential for cell protection and prolongation of the battery life. In this
thesis, all the perspectives about battery equalization from basic fundamentals to critical
analysis are presented. In addition, the proposed optimal control method for battery
management system is elaborated to enhance the energy efficency and equalizing time
performances. . . .
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Chapter 1
Introduction
1.1 Electric Vehicles and Battery Management System
In many decades, the passenger cars contribute a huge partition of air pollution in a
big city, and fuel consumption is another problem. That fact gives a new stimulus
to electric traction drivers such as electric vehicles. Electric car contribute a signifi-
cant to transportation and alter conventionally gasoline powered cars because they has
many advantages including efficiency, significantly less complexity, more reliability, en-
vironmentally friendly, and low cost in operation, despite what the detractors may say.
Automobiles with electric traction, such as battery, hybrid, or fuel cell vehicles, need
additional space for the energy storage, if an acceptable operational range of the vehicle
is required [1]. This comes from the fact that the energy density of batteries or hydrogen
storage tank is much lower than that of conventional fuel tank. Therefore, the battery
modules are fundamental elements of Electric Vehicles. 1.1 shows a typical electrical car
and its main components are represented.
Since Lithium-ion battery was invented and proposed in 1970s, it has been using in
many applications because of its advantages such as high energy density, flexibility,
light-weight and long lifespan in compare with other battery technologies [1, 2]. Be-
cause of these advantages, Lithium-ion battery is very suitable to Electric Vehicle and
other applications requiring high-voltage power. Each lithium-ion battery cell can pro-
duce voltage from 1.5V to 4.5V. However, applications such as electronic vehicles (EV)
require much higher voltages. Such high voltage can be achieved through serially con-
nected cells. Generally, an EV battery pack consists of hundreds of connected individual
cells. 1.2 shows the battery pack that provides hundreds of voltage which can be used
in Electrical Vehicles such as electrical cars, small satellites.
Primary battery management functions observe voltage, current and temperature pa-
1
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Figure 1.1: Hybrid Electrical Car.
Figure 1.2: Compacted battery pack.
rameters and then estimate the battery performance which is expressed by SOC, SOH
and Health calculations. Moreover, it optimizes control strategy and power utilization
determination [3] to obtain highest performances. 1.3 shows the block diagram of the
typicall battery management system. This contains three main blocks, they are Battery
Monitoring Unit (BMU), the Battery Control Unit (BCU) and the communicating bus
which provide the channels to interact between BMS and other blocks in the compacted
system. It could be different depending on the system structure, but in generally, the
BMS should contains at least these blocks.
2
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Figure 1.3: Battery management system.
The BMU gathers data from the battery pack. These data include voltages of cells,
incoming and outgoing current of the battery pack, and environmental temperatures of
the pack. These collected data are sent to a processing unit, where these data are trans-
formed into very informative ones such as SOC and SOH. In addition, the processing
unit makes a decision applied to the battery pack through a controlling unit BCU. The
BCU manages the batteries by following the commands from the processing unit. The
control of charge and discharge current between overcharge and in-depth discharge pro-
tection, over current protection is included. The thermal management unit and safety
module may occurred in practice which communicate with the BMS via the CAN bus.
Based on physical principles, electrochemical model of battery cell describe the battery
internal electro-transactions and chemical thermodynamic phenomena. However, this
kind of electrochemical description is very complex and hard to be handle in control
system. Thank to physical engineering for making equivalent circuit models that are
very simple and ease to apply in real-time application.
1.2 Lithium-ion Battery Model
A Lithium-ion battery cell must be composed from three main parts: a negative elec-
trod, a positive electrod and a separated material [4] which are immersed of a lithium
salt in an organic solvent such as LiPF6, LiBF4, or LiClO4. The negative electrod
3
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Figure 1.4: Charge stages of Li-ion battery.
contains graphite and is connected to the negative terminal of the cell. In other hand,
the positive electrode is a metal oxide or a blend of several metal oxides. LixMn2O4 and
LixCoO2 are some of examples. The seperator could be a solid or liquid that contains
many lithium ions. This layer to insulate the electrons flowing from negative to positive
electrodes, but allows ions pass through. The 1.4 shows the voltage and current signa-
ture as lithium-ion passes through the stages for constant current and topping charge.
The Li-ion battery cell should be charged by a charger which has the same level of
limitation of voltage. It is quite same as the lead acid system. However, the safe circuit
is required in Lithium-ion battery system in order to control at full charge state as well
as discharge state. It is very strict in manufacturing Lithium-ion cells to be on the
correct setting. Since the Lithium-ion cell could not be suffer the overcharge too long.
The charger promises to prolong battery life by pumping extra capacity into the cell do
not exist with Lithium-ion. Lithium-ion is a system that only takes what it can absorb.
Other than that, it could cause stress for cells.
In the first stage, the Lithium-ion battery will be charged at the rate of typical between
0.5C to 1C. The battery remains in this stage about 3 hours (it could be varied based
on each type of batteries). It is said by manufacturers to be charged at this stage at the
rate of average 0.8C. The battery will be charged at higher efficiency (about 97 to 99
percent) and still remains cool during charging. The temperature could be rised about
5oC(9oF ) depending the charge conditions and battery type when it is fully charged.
There are many reasons for rising temperature such as: protection circuit consumption,
4
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Figure 1.5: Capacity as a function of charge voltage on a Li-ion battery.
internal resistance. When the battery reaches the maximum threshold voltage (detem-
ine by the processing of battery and aging level), battery is full charged. The charging
current at the fully charge stage should be cut-off.
At the first moment when the battery is charged, the voltage rised quickly. 1.5 shows
the typically charge characteristic of all Li-ion batteries. It is impractical to measure the
closed circuit voltage (CCV) to evaluate the capacity during charging stage. Therefore,
the open circuit voltage (OCV) can be used in replace to predict SOC after battery is
free for a while. That the reason why the control circuit should control OCV frequently.
However, the OCV is also affected by temperature.
Lithium-ion battery could not be overcharged, so at the fully charged stage, the charg-
ing current should be cut-off. It is because of mechanical and chemical characteristics of
Lithium meterial. A continuous charging current at fully charged stage cause metallic
meterial in Lithium plated and cause high risk of explosion. Therefore, the Lithium-ion
battery should be kept at the maximum threshold as short time as possible.
The battery voltage is still drop even at the free stage. By the time, the open circuit
voltage will be reduce and settle to the operating range (normally it is between 3.6 and
3.9 V/cell). Even the battery reach the maximum threshold, it should be kept at this
stage for a while to be fully saturated charged. Otherwise, it is fast recharged when the
charging stage is terminated.
Because the Lithium-ion battery is self-discharged at the free stage, some types of charger
alows charge to compensate for this amount if the battery is continuous connected to
charger. Normally, the charge will automatic charge battery cell when the voltage drops
to 4.05V/cell. Moreover, it must be turned off again when battery voltage reaches the
5
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Figure 1.6: Burned battery pack caused by overcharging.
highest value. Therefor, the controller should read the battery voltage periodly to adapt
with the battery voltage changing. This will reduce voltage-related stress and prolongs
battery life.
1.2.1 Overcharging Lithium-ion
Lithium-ion battery is only working well at the operating range, and it becomes un-
stable if it is charged to the higher voltage than specific voltage. Prolong stayed in
higher voltage level forms plating of metallic lithium material on the anode. At the
same time, the cathode material becomes oxidizing. Moreover, the destroy in polarities
drive anging processes and produces carbon dioxide CO2. The cell pressure rises, and
if the charging is continuous, the current interrupt device (CID) necessarily for the cell
safety to disconnecte the current at about 1.380kPa.
When the cell sufer from higher presure, a safety membrane bursts open at 3,450kPa
(500psi) and the cell could be explosed. The thermal runaway lower when the battery is
fully charged; for Li-cobalt this threshold is between 130− 150oC(266− 302oF ), nickel-
manganese-cobalt (NMC) is 170−180oC(338−356oF ), and manganese is 250oC(482oF ).
Li-phosphate enjoys similar and better temperature stabilities than manganese.
Lithium-ion is not the only battery which could be in hazard in overcharged. Lead and
Niken based batteries are also experienced to be melt down and cause fier if they are
improperly handled. Therefore, the overcharge control is important part in BMS in
6
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safety concerns. This figure 1.6 shows the burned auxiliary power unit battery from a
Boeing 787 that caught fire on January 2007 at Boston’s Logan International Airport.
1.2.2 Over-discharging Lithium-ion
Same as the overcharge situation, Lithium-ion should not be discharged too low. There
are several ways to prevent the cell from this phenomenon. The discharging stage will be
cut-off when the battery discharged to lower 3.0V/cell, for example, so that the current
will be stopped. Because if the discharge stage continues to below 2.7V/cell, the copper
shunts may have formed inside the cells and lead to the partial or total electrical shorted
circuit. From this point, if it is recharged, the cell never becomes normal as before. It
is easy to show other anomalies and rising temperature rapidly. Therefore, the cell
should be settled into sleep mode when it is over-discharged, to prevent a battery from
permament damages [5–7]. A control circuit could be attached to prevent a battery from
falling asleep.
Battery manufactures limit the batteries at 40 percent charge at the fist. The low charge
state will reduce the risks of aging related stress, and also allow self-discharge during
storage before using and charging.
1.3 Motivation of Battery Equalization
The equalization control restricts battery cell operation range to prevent over-discharging
and over-charging, which cause subsequent damage to the active materials in the battery
such as electrodes. Typically, the maximum overvoltage of a lithium-ion battery is in
the range of 4.1-4.2 V/cell. During charging state, the battery voltage should be limited
to this value. Otherwise, the internal pressure could accumulate and the temperature
could rise to an extremely high value, which may lead to a high risk of explosion. On
the other hand, over-discharging will dissolve the copper in the electrolyte resulting in
shortened battery life. Hence, discharging state of battery should not drop below its low
voltage threshold, normally set in the range of 2.6-2.8V. The controller is designed to
obtain maximum usable capacity from battery cells in order to achieve high efficiency
and reduce equalization time. Due to serial connection between battery cells, the imbal-
ance among cells is caused by changes in the internal impedance and cell capacity. The
imbalance problem is prone to exacerbation while the battery is in use. Hence, balancing
the lithium-ion cells with a cell-balancing controller is necessary. For desirable result, a
low response time and adaptive cell-balancing algorithm is requested.
7
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Equalization methods can be categorized into two groups: energy-consuming and energy-
recovery or dissipative and non-dissipative methods, respectively. In dissipative meth-
ods, the unbalanced energy of each battery is converted to heat by a resistive shunt
circuitry. The current dissipated by the resistive shunt is proportional to the battery
cell voltage. As the result, charge balancing can be achieved. This method has advan-
tages derived from a simple control, stability and easy implementation [1, 2]. However,
the excess energy from the higher voltage cells is transferred to heat that lead to energy
waste and shorten the battery life time. In addition, voltage monitors and thermal mon-
itors should be attached to each cell in this kind of system [5, 6, 8]. Energy recovery is
the solution to overcome the disadvantage of additional losses in the previous methods.
In the recent times, integrated individual cell equalizer (ICE) based on DC-DC converter
is under development for a serially connected battery pack, such that implementation
and individual control of equalization are easily achieved [3, 5–7, 9–18]. However, the
complex control of DC-DC converters for a large number of cells is one of the prob-
lems. Moreover, the higher power density requires the higher performance of DC-DC
converter. Therefore, in the ICE based equalization scheme, the control circuit is one
important part which efficiency contributes to the performance of battery equalization.
8
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Battery Equalization Methods
This chapter discusses the several proposed balancing methods from different viewpoints.
First, it gives brief description of these topologies. Second, the control methods for these
topologies are discussed, since the equalization controller is an important part of BMS.
The categories of balancing methods as passive and active as shown in 2.1.
2.1 Passive Cell-balancing Methods
Passive cell balancing methods or dissipative method utilizes the passive components as
resistor to straighforward equalizing cells. By removing the excess energy from higher
voltage, the higher voltatge cells are discharged to the same level with the lower voltage
cells. The passive components is utilized to bypass current from higher voltage cells,
they also dissipate the energy, so partial excess energy is transferred to heat. The dissi-
pative methods is categorized into two sub-categories as shown in 2.2.
The first method use the shunt resistor as described in [1, 3, 7], as shown in 2.2. In
this method, the resistors are connected to all cell, in order to bypass the current. It
ccould not be used for Lithium based batteries without conditions of controller [2]. This
topology is very simple to operate and implemented with low-cost; however, it dissipate
continuous energy to heat for all cells which cause rising temperature in battery strings,
especially when the large number of cells are used.
The second method is controlled shunting resistor [1, 3]. This method consists of passive
devices and switches or relays to control bypass current. This method operation is also
very simple, the switches are used to remove energy not continuously. Depending on
switch operations, it could be worked in continuous mode or detecting mode. In the
continuous mode, the switches at all the cells needed to be dissipated energy will be
9
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Figure 2.2: Passive cell-balancing method classifies.
at the same stage on, and vice-versa. The detecting mode requires the higher level of
control circuit to detect where the cells should be shunted energy. This method is more
efficient than the continuous mode, but requires higher and more difficult control circuit
than the continuous mode.
2.2 Active Cell-balancing Methods
The active cell-balancing methods is more efficient than the passive one, and also called
as the non-dissipative methods. Since they use the active devices such as inductors,
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capacitors and transformers to deliver energy from higher voltage cells to lower voltage
cells, so that the energy is not dissipated and transferred to heat as much as passive
methods. They will be discussed following.
2.2.1 Capacitive Shuttling Balancing Methods
Capacitor based equalizationg method, as well as ”Charge Shuttling”, operates basically
an external energy storage devices. By this whay, the energy between pack cells are
transferred so as to the balancing. There are three sub-categories of capacitor shuttling
methods including the basic switched capacitor, single switched capacitor and double-
tired capacitor topologies.
The switched capacitor [7, 19] is shown in 2.3. As illustrated it requires (n−1) capacitors
and 2n switches to balance n cells. Its control strategy is simple because it has only two
states. In addition, it does not need intelligent control and it can work in both recharging
and discharging operation. The disadvantage of the switched capacitor topology is
relatively long equalization time.
The single switched capacitor balancing topology [19] can consiter as a derivation of
the switched capacitor methods, but it uses only one capacitor as shown in 2.3-a). The
single switched capacitor, as implied in its name, needs only one capacitor and n+ 5
switches to balance n cells.
A double-tired method as shown in 2.3-b) is based upon the single-tired work. The
main problem with this method is that significant energy losses occur during capacitors
charging, as maximal efficiency of this process is 50 percent. Another problem is that
high voltage differences between the unbalanced cells exits only in highly discharged
state.
2.2.2 Inductor Based Balancing Methods
In the inductor based balancing method, the inductors are used to move energy from
higher voltage cells to lower voltage cells as proposed in [9]. The benefit of this method
is smaller balancing executing time in compare with others. However, the inductor or
transformer based methods have drwabacks relative to high cost for the transformers.
On the other hand, the requirement for switching frequency is high, so there should have
a high frequency filter to avoid the effects to total circuits or other components.
The inductor based methods could use one or more inductors in their topologies,
as can be seen from 2.4. In the single-inductor balancing topologies, which is shown
11
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Figure 2.3: Single-cap and Double-cap Balancing Methods.
in 2.4-a), was describe in [20]. This method only use one inductor to transfer energy
between the higher voltage cells to whole system. First of all, the control circuits sense
the voltage of each cell and then selecting the two cells, in which the energy should
be transferred. Multi-inductor based methods, as cen be seen in 2.4-b), utilize (n − 1)
inductors for balancing n cells [21]. The derivation voltage between two neighboring
cells are measured, then the control circuits provides a proper signal from PWM with
the switched on stage at the higher voltage cell. The main disadvantage of this method
is long equalization time of transferring the energy from the first cell to the last cell in
the string battery pack.
Single windings transformer, which also called ”switched transformer”, was proposed in
[1], is a kind of selectable energy converter [22].
The topology of the single windings transformer looks like the single capacitor balancing
method. This method has two types for cell balancing; they are ”pack-to-cell” topology
or ”cell-to-pack” topology based on the direction of carrying the energy from the whole
battery pack and transformer. The multi-winding transformer topology was proposed
in [5, 9], a shared transformer has a single magnetic core with secondary taps for each
battery cell. Therefore, the current from the cell stack is switched into the primary
transformer and induces currents to the secondary transformers. The major parts of this
topology is shown in 2.5. The design of multi-winding transformer must be customized
according to the number of cells, which restricts from modularization. There are two
circuit configurations in multi-windings transformer methods: flyback structure and
forward configuration, as shown in 2.5. In the flyback structure, the switch connected
12
Chapter 2. Battery Equalization Methods
+
-
+
-
+
-
+
-
+
-
1B
2B
3B
1nB 
nB
+
-
+
-
+
-
+
-
+
-
1B
2B
3B
1nB 
nB
)a )b
Figure 2.4: Single-inductor and Multi-inductor Balancing Methods.
to the primary side is switched on. So, some energy is stored in the transformer. When
switch is off, the energy is transferred to the secondary of the transformer. Most of
the induced current will be provided to the cells with lowest voltage via the diodes. In
forward structure, when the voltage derivation is detected, the switch which is connected
to the cell with highest voltage is switched on state, so the energy is transferred from
this cell to others via the transformer and the anti-parallel diodes of the switch [23]. The
circuit is also complex and high cost, because of multi-winding transformer. Recently,
the bidirectional flyback converter with dc-link capacitor in [24] is the direct cell-to-
cell method, which is one of the charge-discharge types and the charge moves between
through a dc-link capacitor by flyback operations. However this scheme requires as
many transformers as the same number of cells and additional dc-link capacitors. A
single-magnetic cell-to-cell charge equalization converter in [9] reduced the number of
transformer windings, resulting in a small circuit size and cost. This topology is a
combination of buck-boost converter and flyback operation as shown in 2.6. The buck-
boost is operated in the stage 1 when battery charge moves from an odd-numbered to
an adjacent even-numbered cell, or vice versa. The flyback is operated when the energy
transfers from and odd-numbered to a nonadjacent even-numbered cell, or vice versa.
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2.2.3 DC-DC Converter Based Balancing Methods
Energy converters used for cell balancing fall into several categories such as: Cûk, Buck
or/and Boost, Flyback, Ramp, Full-bridge and Quasi-resonant converters. Each of them
has advantages and disadvantages. The following part will discuss about their topologies
and characteristics.
The bi-directional Cûk converter [5, 12] as shown in 2.7-a), which balances each pair
of the neighboring cells. It require (n− 1) ICEs to balancing n cells. Each ICE has two
inductor, two switches and one capacitor. It will take realatively long equalization time
especially for long string battery pack.
A step-down (Buck), step-up (Boost) and Buck-Boost energy converter [1, 21] are widely
used in cell balancing systems as shown in 2.7-b). The boost converter used to remove
the excess energy from single cell to the total pack, or buck-boost converter used for
removing exceed energy from the highest cells to the DC-link, storage element, and
retransfer o the weaker cells. This topology requires the intelligent controller for con-
verters operation. Converter balancing methods are relatively complex but they have
advantage of modular design.
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2.8-a) shows a bidirectional flyback converter with dc-link capacitor [24]. In this scheme,
the charge moves from the most charged battery to the least charged battery through a
dc-link capacitor by flyback operations. In comparison with the flying capacitor charge
shuttling method, a bidirectional flyback converter with dc-link capacitor has the ad-
vantage of a short equalization time. But this method requires as many transformers
as the number of batteries and additional link capacitors. The number or size of the
magnetic components makes the system bulky.
Ramp converter cell balancing method as described in [1, 2] is shown in 2.8-b), shares
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the same idea as multi-windings transformers. It only requires one secondary winding
for each pair of cells instead of one per cell. The ramp converter operates as follow: On
the first half cycle, most of the current is used to charge the odd-numbered of lowest
voltage cells, on the other half cycle, it supplies the even-numbered cells, so that it called
ramp converter.
2.3 Cell Equalization Control Methods
The equalization control restricts battery cell operation range to prevent over-discharging
and over-charging, which cause subsequent damage to the active materials in the battery
such as electrodes. Typically, the maximum overvoltage of a lithium-ion battery is in the
range of 4.1∼4.2 V/cell. During charging state, the battery voltage should be limited to
this value. Otherwise, the internal pressure could accumulate and the temperature could
rise to an extremely high value, which may lead to a high risk of explosion. On the other
hand, over-discharging will dissolve the copper in the electrolyte resulting in shortened
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Figure 2.8: a) Bidirectional flyback converter equalization
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battery life. Hence, discharging state of battery should not drop below its low voltage
threshold, normally set in the range of 2.6∼2.8V. The controller is designed to obtain
maximum usable capacity from battery cells in order to achieve high efficiency and reduce
equalization time. Due to serial connection between battery cells, the imbalance among
cells is caused by changes in the internal impedance and cell capacity. The imbalance
problem is prone to exacerbation while the battery is in use. Hence, balancing the
lithium-ion cells with a cell-balancing controller is necessary. For desirable result, a low
response time and adaptive cell-balancing algorithm is requested. Meanwhile, previous
control methods [10–12] are based on imbalanced SoC between cells, and the gradients
of ambient temperature of the battery pack during charging and discharging processes.
Recently, Yuang-Shung Lee et al [13] proposed a control method to handle equalization
current between two neighboring battery cells based on fuzzy logic theory. Although
fuzzy logic has advantages to model non-linear system, the previous control methods
based on fuzzy logic [10–13] require the knowledge and experiences of the battery cells. In
a prolonged ongoing system, cell voltages in battery pack change continuously and non-
linearly depending on both objective and subjective parameters, such as temperature,
workload etc. As a result, these conventional methods are short of adaptability to the
dynamic system.
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The Proposed Cell Equalization
Method Based on Fuzzy Control
The following section represents the proposed system of cell equalization for BMS that
consists of hundreds Li-ion battery cells. In the proposed system, the Cûk DC-DC
converter topology is employed, because of its simple circuitry and small size without
transformers. The enhancement for optimal control method is developed to increase the
DC-DC converter efficiency while the number of cell grows up. The detail analysis of
cell equalizing circuit will be presented in the following section.
As aforementioned, in the conventional schemes of cell balancing, it is difficult to handle
the battery cell model for describing the equalizing characteristic of the Li-ion battery
strings due to electrochemical reactions and ambient temperature. Fuzzy logic control
has advantage in modelling the non-linear characteristic of equalizng current during
charging and discharging. However, the limitation of fuzzy system is that it cannot
automatically acquire the rules to make output decisions. In addition, it is challenging
to model the membership functions in small change of voltage offsets with conventional
fuzzy-based control methods that cause degradation accuracy of the system employing
such control methods. In this work, combining neuron network in fuzzy logic control
is used to tune membership functions of fuzzy system, which enables adaptability and
learning ability. In the proposed system, a feedback line is provided to allow updating
and tracking the changes of battery strings in online-measurement.
3.1 shows the framework of the proposed battery equalization system that is based
on individual cell equalizer (ICE) that balances each pair of the neighboring cells. In
the proposed system, The balancing currents are controlled by driving a pulse-width-
modulation (PWM) signal corresponding to the control signals constructed in the analog
adaptive neuron-fuzzy control parts. Generally, the learning process of neuron network
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Figure 3.1: The framework of the optimal control method for battery equalization
system.
is time-consuming process. Therefore, the proposed system architecture designs off-
line learning process based on a micro-processor. The analog adaptive neuron-fuzzy
controllers are design by analog circuitry method to allow high-speed responses that
improve equalizing speed [19]. The proposed optimal control method for battery equal-
ization system is a hybrid system that can deal with a complex situation and still achieve
high speed in equalizing time.
Adaptive Neuron-Fuzzy Inference System (ANFIS) is a well-known neural fuzzy con-
troller with fuzzy inference capability. ANFIS can generate better training performance
with smaller root square error which determines the error between computed output
and desired output. ANFIS learns the features in the dataset and adjusts the system
parameters according to a given error criterion [25, 26]. The least-squares method with
the back-propagation gradient descent method train fuzzy inference system (FIS) mem-
bership function parameters. ANFIS structure is similar to the neural network structure
based on Takagi Sugeno model of fuzzy system. The following part wil give the funda-
mental knowledge about ANFIS system.
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3.1 Equalizing Circuit
Among energy converter balancing methods, the equalization methods using a central-
ized flyback converter is charge type and move the charge by flyback of the forward
operation using a multi-winding transformer. It requires a small number of active
switches but require the same number of multi-windings as the number of cells. Re-
cently, the bidirectional flyback converter with dc-link capacitor in [16] is the direct
cell-to-cell method, which is one of the charge-discharge types and the charge moves be-
tween through a dc-link capacitor by flyback operations. However this scheme requires
as many transformers as the same number of cells and additional dc-link capacitors. A
single-magnetic cell-to-cell charge equalization converter in [18] reduced the number of
transformer windings. These aforementioned methods using flyback converter has ad-
vantages of easy implementation, however, numerous magnetic devices cause significant
the magnetic losses. Some other equalization schemes based on resonant converter. The
scheme on [19] required the double number of inductors and switches in compared with
the number of cells. The advantage of these topologies come from reducing the switch-
ing losses thus increasing the balancing system efficiency. It drawback is derived from
very complex control as well as high converter cost, especially when the number of cell
increase. In the proposed system, the Cûk DC-DC converter topology is employed, be-
cause of its simple circuitry and small size without transformers. The enhancement for
optimal control method is developed to increase the DC-DC converter efficiency while
the number of cell grows up.
The equalizing circuit works on a cell-to-cell basis, therefore only one ICE1 is analyzed
for the proposed equalization as illustrated in 3.2. VB1 and VB2 denote the voltages of
battery cell 1 and cell 2, respectively. Control signal from PWM turns on or off MOS-
FET Q1 or Q2 with control frequency of fs or period of Ts = 1/fs.
Assuming VB1 > VB2 , battery cell 1 will be discharged and battery cell 2 will be charged.
At the initial state, the voltage of the capacitor C equals to VB1 + VB2 . During the first
period (T1) while Q1 is turned on, the energy stored in the capacitor transfers to cell 2
and the inductor L1 stores energy transferred from VB1 of cell 1. Likewise, the inductor
L2 also stores energy. In the remaining period (T2) of the PWM control signal, Q1 is
turned off, and D2 is forced to turn on. Hence, the capacitor is charged by energy stored
in L1, and the energy stored in L2 continues to charge cell 2. The equivalent circuit for
the equalization scheme is shown in 3.3. The energy transformation is continuous until
the circuit reaches stable state.
The quantitative analysis for the equivalent circuit for in 3.3 can be expressed with the
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following equations: When Q1 is turned on: (0 < t < T1)
VB1 = L1
diL1
dt
(3.1a)
VB2 = −L2
diL2
dt
+
1
C
∫
iL2dt (3.1b)
When Q1 is turned off: (T1 < t < Ts)
VB1 = L1
diL1
dt
+
1
C
∫
iL1dt (3.2a)
VB2 = −L2
diL2
dt
(3.2b)
Combining with the initial conditions and limitations, the average of inductor currents
through L1 and L2 is computed as followed:
IL1 =
1
2
Ts
(
VB1
L1
T 21 +
VC − VB1
L1
T 22
)
(3.3a)
IL2 =
1
2
Ts
(
VB2
L2
T 22 +
VC − VB2
L2
T 21
)
(3.3b)
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For simplicity, the value of L1 and L2 are chosen equally so that equal currents flow
through these inductors. The output current Itune from the adaptive neuro-fuzzy con-
troller is used to switch the period of the PWM driving signal of the proposed scheme.
3.2 Off-line Learning with Adaptive Neuro Fuzzy Con-
troller
3.2.1 Description of The Method
Functionally, the ANFIS architecture is equivalent to the first order Takagi-Sugeno fuzzy
system [25–27]. This algorithm is a hybrid system of combination of fuzzy logic theory
and neural network architecture. The use of fuzzy logic allows describing the behavior of
a complex nonlinear system by simple ”if-then” rules. This provides an easier solution
of a given problem that is difficult to having accuracy models. However, in many appli-
cations, the knowledge describing the expected behavior of the system contains cluster
data, which are difficult to model the relations of inputs and outputs. In these cases,
the designer is required to elaborate if-then rules carefully. For the static system, the
disadvantage of fuzzy logic could be overcome by a tremendous effort of the designer.
However, it exacerbates the dynamic systems that are delicately handled.
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While fuzzy logic provides inference mechanism under cognitive uncertainty, computa-
tional neural network offers exciting advantages such as learning and adaptation. The
resulting hybrid system of combining fuzzy logic and neural network is called an adap-
tive fuzzy network. The ANFIS system is one of these hybrid systems. In an adaptive
network, the network structure consists of nodes and directional links through the nodes.
Moreover, the parameters in these nodes are adaptive, meaning the outputs depending
on these parameters are adaptive. A learning rule specifies how these parameters should
be changed to minimize a prescribed error measure.
There is combination of the least-squares method and back-propagation gradient descent
method for training an adaptive network′s parameters [25]. In other words, a training
data set is required that contains desired input/output data pairs of the target system
to be modeled. In the proposed system, the ANFIS is applied and implemented in a
micro-processor so that the learning process does not affect equalizing time. The ANFIS
structure used in fuzzy controller consists of five layers as shown in 3.4. For simplicity,
only two rules with two linguistic terms for each input are considered. The following
part will present the layer structure of an ANFSIS system.
• Layer 1: The first layer generates the membership functions of inputs x1, x2
Ai(VB) =
[
1 +
(
VB − ai1
bi1
)2]−1
(3.4a)
Bi(De) =
[
1 +
(
De − ai2
bi2
)2]−1
(3.4b)
Where: (ai, bi) is the premise parameter while (Ai, Bi) are linguistic labels.
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• Layer 2: each node computes the firing strength of the associated rules. The out-
puts of these neurons are labeled by T because of choosing T-Norm for modeling,
and are calculated as following:
α1 = A1(VB)×B1(De) = A1(VB) ∧B1(De) (3.5a)
α2 = A2(VB)×B2(De) = A2(VB) ∧B2(De) (3.5b)
• Layer 3: every node in this layer is labeled by N to indicate the normalization of
firing levels.
β1 =
α1
α1 + α2
, β2 =
α2
α1 + α2
(3.6)
• Layer 4: the outputs of these nodes at this layer are the product of the normalized
firing level and the individual rule output of associated rule.
βisi = βi(piVB + qiDe) (3.7)
Where (pi, qi) are the set of consequent parameters associated the i-rule.
• Layer 5: the single output of this layer computes the overall system output as
the sum of all the incoming signals. The overall output is calculated as following
equaltion:
y = Itune =
∑
i
βisi (3.8)
The above layered structure is viewed as neural network. This structure can adapt
its antecedent and consequent parameters to improve performance of the system by
observing outputs. By employing these advantages of ANFIS architecture, the proposed
battery equalization system has ability of learning and adaptation to deal with dynamic
changes as described in the following sections.
3.5 shows the flow chart of ANFIS algorithm in the battery problem. The initial training
data is collected from experiments and storage in the memory. After initialization and
training process, the structure of ANFIS with adaptable parameters is generated. The
online-measurement is provided for tracking battery equalization performances. Hence,
the new data is gathered for the next training process.
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3.2.2 Traning ANFIS Model
ANFIS can be trained to learn from given data. As we can observe from the ANFIS
architecture, in order to configure an ANFIS model for a specific problem, we need to
specify the fuzzy rules and the activation functions(i.e. membership functions) of the
fuzzification neurons. For the fuzzy rules, we can specify the antecedent fuzzy sets once
we know the specific problem domain; while for the consequencet of the fuzzy rules, the
parameters (e.g: pi, qi) are formed and adjusted by certain learning algorithm in the
training process. On the other hand, the shapes of the activation functions can also be
formed and adjusted in the trianing process [27].
Specifically, an ANFIS uses a ”hybrid” learning (training) algorithm. This learning algo-
rithm combines the so-called least-squares estimator and the gradient descent method.
During the training process, the training dataset is presented to the ANFIS cyclically.
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Each cycle through all the training examples is called an epoch. In the ANFIS learning
algorithm, each epoch comprises of a forward pass an a backward pass. The purpose
of the forward pass is to form and adjust the consequent parameters, while that of the
backward pass is to adjust the parameters of the activation function.
3.2.2.1 Back propagation learning
Based on approach of error correction learning, back propagation is a systematic method
for training, provides a computationally efficient method for changing the synaptic
weights in the neural network, with differentiable activation function units. The er-
ror back propagation algorithm uses method of supervised learning. The recorded set
of observations or training sets (i.e. inputs and the desired outputs) are provided for
learning algorithm, and then the error (the difference between actual and expected re-
sults) is computed.
These differences in output are back propagated in the layers of the neural networks and
the algorithm adjusts the synaptic weights in between the neurons of successive layers
such that overall error energy of the network, E is minimized. The idea of the back
propagation algorithm is to reduce this error, until the ANN learns the training data.
Training of network, i.e. error correction is stopped when the value of the error energy
function has become sufficiently small and as desired in the required limits. Total er-
ror for pth observation of data set and jth neuron in the output layer can be computed as:
E =
1
2K
P∑
k=1
(yk − yk ′)2 (3.9)
Where, yk
′
represents the desired target output and yk represents the predicted from
the system.
3.2.2.2 Gradient descent learning
Training the neural network involes finding the minimum of a complicated nonlinear
function (called ”error function”). This function describes the error the neural network
makes in approximating or classifying the training data, as a function of the weights
of the network. The error shoul become as small as possible, then moves towards to
the point of minimum error. For that, Gradient descent method can be used. Gradient
descent simply means going downhill in small steps until you reach the bottom of error
surface. This is the learning technique used in back propagation. The back propagation
weight update is equal to the slope of the energy function that is further scaled by the
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learning rate η, (thus, the steeper the slope, the bigger the update but may cause a slow
convergence).
Let us train the model for P number of data observations. In back propagation, for the
jth neuron in the output layer, if output yk 6= yk ′ , then for the pth observation, the error
signal for the neuron j in the output layer can be given as:
Ep =
1
2
∑
k
(ypk − yp
′
k )
2
(3.10)
For pth observation, yk represents the desired target output and yk
′
represents actual
output from the system. We have taken the square error energy so that the errors of
opposite signs donot cancel out each other; also the magnitude of the error and not
in the sign of error could be used. Objective of the learning process is to adjust the
ANN parameters (synaptic weights) to minimize the overall error energy. Weights are
updated on pattern by pattern until complete set of training data is utilized (one epoch)
for training of the network. The new weight values are calculated so that E comes
minimum, the directions of the changing the weight value approaching or taking away
from minima are recorded.
∇E = ∂E
∂βi
=
∂E
∂y
∂y
∂βi
(3.11)
From 3.10, we can write:
∂E
∂y
= −
(
y
′ − y
)
(3.12)
Also, from 3.8, it can be derived as:
∂y
∂βi
=
∂
∂βi
∑
i
βisi =
∑
i
si (3.13)
Then, finally, the gradient error coule be derived:
∇E = −(y′ − y)
∑
i
si (3.14)
Correction in weight must be opposite to the gradient. Therefore, the derivation is
∆βi =
(
y
′ − y
)
si. Then updated value of the synaptic weight can be written as:
βi new = βi old + ∆βi (3.15)
By introducing a new paratermer η, 3.15 can be rewritten as:
βi new = βi old + η
(
y
′ − y
)
si (3.16)
To find a local minimum of a function using gradient descent, one takes steps proportinal
to the negative of the gradient at the current point [27]. The detail of training process is
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Figure 3.6: ANFIS training flowchart.
illustrated in the flowchart of 3.6. This figure shows the flowchart of ANFIS learning al-
gorithm with LSE and GDM learning methods. First of all, these input training samples
go through layer 1-3 of ANFIS algorithm, and then LSE optimize the error square of the
output samples, in compare with the desired output values. The consequence parameters
are calculated to optimize the output errors. The following process is gradient-descent
method (GDM) to update premise parameters of membership functions. The process in
3.6 could be used in iteration in order to get better results.
3.3 Analog Adaptive Neuron-Fuzzy Control Implementa-
tion
The implementation of the proposed AANF controllers in a 0.13−µm CMOS technology
is presented in this section as follows:
• Layer 1:
The bell-shape membership functions are built around a regulated-cascode triode
trans-conductor. For example, 3.7 shows the circuit for 5-label linguistic mem-
bership function. The slope of the current curves is controlled by voltage Vs.
The resulting membership function of VB that has Vk1 = 0.65V , Vk2 = 1.15V ,
28
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Figure 3.7: Fuzzy membership function impact circuit.
Figure 3.8: Simulation result of impact circuit current of membership functions.
Vk3 = 1.65V , and Vk4 = 2.15V , respectively as demostrated in 3.8. VB1 and volt-
age derivation De are the inputs for the proposed controller.
The parameter set of {api , dpi } is updated from learning process in micro-processor
as presented in the previous section.
api =
V p−1ki + V
p
ki
2
, 2dpi = V
p
ki
− V p−1ki (3.17)
• Layer 2:
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Figure 3.9: 2−input loser-take-all minimum circuit.
As described in 3.5, the layer 2 is designed by minimum circuit. A loser-take-all
minimum (LTA-MIN) circuit is built up in this layer. This circuit choose minimum
fuzzy current from layer 1 according the rules of . This circuit is highly accurate,
while achieving high current range without complexity. The circuit design and
result are shown in 3.9. The values of 2 membership functions are the inputs to
the LTA-MIN circuit. The resulting Imin is illustrated in 3.10
• Layer 3,4,5 or defuzzification:
The final output after the neuron layer 5 is calculated as:
y =
∑
i
αisi∑
i
αi
(3.18)
The consequent parameter si depends on defuzzification strategy. In the proposed
AANF controller, a current-mode D/A converter is used as digitally-programmable
singleton si.
The output current of this circuit is expressed as follows:
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Figure 3.10: Result of LTA-MIN output current.
Iiout = βisi =
[n× (W/L )]× Ii
2n
(3.19a)
Iout =
m∑
i=1
Iiout =
m∑
i=1
βisi (3.19b)
Iout =
(
m∑
i=1
(Din−12
n−1 + ...+Di12
1 +Di02
0)βi
)
(3.19c)
3.11 shows the proposed circuit for singleton generators using 5-bit resolution D/A
converter.
Where, m is number of rules. As aforementioned, the maximum number of rules is 25;
which NP (number of membership functions per input) is 5. These values of singletons
for the output current are determined after the ANFIS learning process. Meanwhile,
this learning process forms the input parameters of the ANFIS defuzzification circuitry.
The (W/L) of the lower NMOS device rows in 3.11 are equal to 1.
The divider circuit to form the equaltion 3.18 is based on the change of the drain current
of a MOS transistor in strong inversion and triode region. The relations of current drain
and gate-source voltage in weak and strong inversion are expressed in the following
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Figure 3.11: 5−bit resolution D/A defuzzification circuitry.
Figure 3.12: Result of singleton generator output current with input varies from
0− 10µA, and n = 32(D = 11111).
equations, respectively:
ID = µC0x
W
L
(
(VGS − VTH)VDS − V
2
DS
2
)
(3.20a)
ID =
1
2
µC0x
W
L
(VGS − VTH)2 (3.20b)
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The approach to implement the current-mode multiplier/divider is combination of a
geometric-mean circuit and a squarer/divider circuit as describled in 3.13. It is able to
calculate the geometric mean of two currents:
Iout =
(
k
√
IXIY
)2/
k2IW (3.21)
and then the output current of g-mean circuit is introduced to a squarer/divider circuit.
Overall, the output of the divider is calculated as:
Iout = IXIY/IW (3.22)
The concept in 3.13 could be designed by forcing proper transition from triode region
to saturation region of MOSFET [28]. Since the drain current is proportional to gate-
source voltage in triode region, and proportional to square of gate-source voltage in
saturation region. 3.15 shows the implementation of the divider concept in 3.13. Since
the concept of divider circuit is based on transition working region of MOSFET, it is
important to evaluate the working conditions and working regions of each transistors in
circuit. The transistors M1A, M1B, M1C , M1D are forced to saturation region by chosing
proper value of VCN . At the half circuit in the left (including a-b MOSFET devices),
the drain-source voltage of transistor M2A, and M2B are calculated as following:
VDS2,a = VGS1,b − VGS4.b =
√
2Iy
β
−
√
2I2
n2β
=
√
2
β
(√
Iy −
√
I2
n
)
(3.23a)
n2 =
(W/L)M3−4
(W/L)M1−2
(3.23b)
VDS2,b = VGS1,a − VGS4.a =
√
2Ix
β
−
√
2I1
n2β
=
√
2
β
(√
Ix −
√
I1
n
)
(3.23c)
For the large n, when IX < IY , M2A will operate in triode region while M2B is in satu-
ration region. When IX < IY , M2A is in saturation region while M2B in triode region.
Considering the case of (IX < IY ), when the M2B in saturation, therefore, I1 = IY .
Hence, for the large n, the summation of current is:
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I1 + I2 ∼= 2
√
IxIy (3.24)
The same geometric-mean cell but configured as a squarer/divider. With an analogous
analysis, the following equation can be found:
I1 + I2 ∼= 2
√
IwIout (3.25)
Finally, the output current is calculated as dividing of Iout =
IxIy
Iw
. The figure 3.14 shows
the result of the current-mode divider implementation with IW = 5µA, IX = 10µA while
IY varies from (0 ∼ 20µA).
The total energy consumption by the ANFIS block is expressed in the following equation:
P ≤ n(3m− 4)VDDImaxo (3.26)
While VDD = 2.5V and Io
max = 12µA. Therefore, the total loss power for AANF is less
thean 4.26mW which is insignificant in compare with the total power of system.
The overall BMS system with parameter and signal flows is illustrated in 3.16. Thanks to
the parallel and modular characteristic, only two battery cells with ICE are demostrated.
In the proposed system, the voltage sensor block is composed of voltage sensors for
battery cells, ANFIS learning algorithm is constructed with a micro-processor, and the
AANF block is designed in a 0.13− µm CMOS technology with power supply of 2.5V .
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System Performance Results
4.1 Environment Setup and Analysis
The battery cells are the 26650 Lithium Battery models that have nominal voltage of
4.0V. The detail discharging characteristic of battery is shown in 4.1.
Table 4.1: Experimental Battery Specifications
Specification Battery Cell Battery Pack
Capacity 16Ah 64Ah
Voltage 4V 3.8 ∗ 100(400V)
Charging Current Max 5C(80A) Max 64A
Charging Voltage 4.2±0.05V 4.2 ∗ 100(420V)
Charging Time 0.5C−4h 0.5C−4h
Operating Temperature 0oC ∼ 40oC −20oC ∼ 60oC
Additionally, the details of battery cell characteristic in experiment are shown in 4.1
The experiments for the initial training dataset are performed in various conditions con-
sidering both temperature and battery′ SOC. The advantage of the proposed system
is about learning ability from various working conditions. Therefore, the battery cell
voltages and the desired current to control PWM signal are evaluated within different
conditions. Because the paramount importance of temperature in kinetic and transport
phenomena of electrochemical systems, the battery voltage must account for thermal
effects. 4.2 shows the dependency of the battery cell voltages and the battery tem-
perature. The wide range of temperature [0-40] is considered to collect training data
depended on temperature. As can be seen from this figure, the OCV of the battery cell
is proportional to the working temperature [17].
Additionally, the capacity of the cell strongly depends on average discharge current,
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Figure 4.1: Nominal discharge characteristic of battery cell.
Figure 4.2: The cell voltage versus temperature dependency.
discharge time. It is obviously needed to evaluate the cell in workload conditions. 4.3
represents the cell voltage according the change of current in both charging and dis-
charging states. The training data set is composed of 500 pairs of input set (VB1 , De)
and current output Itune.
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Figure 4.3: The cell voltage versus battery current dependency.
4.2 Experimental Results
4.4 demonstrates the resulting voltage and current of inductor L1 with initial voltages
of VB1 = 3.8V, VB2 = 3.5V . The membership functions for each input are determined
after the training process can be seen from 4.5. As can be seen from this figure, the
membership functions with adaptive parameters accurately elaborate the input voltages.
As the result, the output current space is adaptive according to these parameters. The
circuit parameters are L1 = L2 = 240µH, C = 430µF . The switching frequency for ini-
tialization is selected at 50kHz, with the duty cycle of 50 percent. The control current
surface generated by the ANFIS algorithm is shown in 4.6.
The fuzzy models of inputs are moderated automatically based on gathered training
data. These parameters of fuzzy term for each input are transferred to AANF con-
trollers. The experimental results demonstrate that the control currents generated from
the proposed system have higher accuracy in comparison with previously reported BMS.
The learning and adaptive ability of the proposed intelligent scheme provides advantages
that could be expanded to various conditions and systems.
Finally, 4.7 demonstrates the error function evaluation in ?? of the proposed controller
learning ability after 120 iterations. The error value of learning ability is superior to
previously reported system with approximately 1.8×e(−5) after 120 iterations. In some
previous researches about equalization battery cells using fuzzy logic theory to model
current output which controls PWM signals [10–15], the membership functions for the
equalization strategy using fuzzy logic controller are same as in the initialization while
system is working at all the time. Therefore, the error of fuzzy-only based systems are
same as the the proposed system at the initialization. In other words, the error of the
previous systems using fuzzy logic controllers are approximately 8 × e(−5), as at the
first iteration of the proposed system. While the working condition changes rapidly or
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Figure 4.4: L′1s current and voltage experimental results for training set.
sharply in term of temperature or current load, the error of the system without ANFIS
controller will be accomulated to the control current. As long as the phenomenon conti-
nously occurs, the much of error in output controller. Finally, it causes the malfunctions
of the battery system or slows down the equalizing time because of lacking tracking and
learning abilities.
The battery equalization controller is implemented in 8-bit micro-controller Atmega128.
The 4.8 shows the picture of the experimental circuit of the Individual Cell Equaliza-
tion (ICE) based on Cûk DC-DC converter topology and the MCU implemented battery
equalization control unit. LCD panel is utilized to display the results of training process,
and battery cell voltages. The included 10-bit A/D converter of Atmega128 is employed
as battery voltage sensor.
The experimental results for the cell-voltage trajectories during equalization for the
proposed equalization scheme are presented in the following figure. The maximum dif-
ference between any two adjoining cells is 0.005. The experimental results show that
the proposed equalization scheme implemented in a low-power micro-controller achieves
the equalizing state after approximate 2500 seconds co-responding with the derivation
of more than 1V.
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4.3 Discussion
The simulation and expermiment results of our proposed control method were presented
in the above section. These results show the advantages of the proposed optimal control
method. The error of learning process after 120 iterations is very small. Therefore,
we could say that our optimal control has learning ability with high performance, in
compare with other fuzzy-only based methods in these previous controllers. Addition-
ally, the previous controllers are implemented in micro-processor, which has relative low
response time, then the control process affects the equalization time. In our proposed
method, the time consuming learning process is implemented in micro-processor, while
the real hardware controllers which obtain the parameter values from embedded sofware
controllers are compacted in equalizing circuit. Therefore, the equalizing time is de-
ducted in compare with others. This table shows the comparison between out proposed
method and some of the conventional methods.
In this thesis, the designs in both software and hardware are considered and imple-
mented. However, because of limitted time, the hardware implementation was incom-
pleted. It should be shown the experimental results considering the hardware and soft-
ware working together regarding the cell-voltage trajectories. Moreover, the theoritical
presentation in this thesis should be verified to the larger training data in wide working
conditions more than it was presented. These works are under researching and will be
finished in the future.
Table 4.2: Comparison between different cell equalization methods
Comparison [18] [12, 13] [5] Proposed
Implementation Software Software Software Software/Hardware
Response time Low Low High High
Equalizing time Relative High Low Low High
Adaptivity Non-adaptive Non-adaptive Non-adaptive Adaptive
Power Consumption High Low High Relative low
Efficiency Relative High Relative High Low High
Complexity High High Relative High Low
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Figure 4.5: Membership functions of input voltages before and after learning process
with initial training datasets.
a) Membership functions of input volated VB before learning process.
b) Membership functions of input volated De before learning process.
c) Membership functions of input volated VB after learning process.
d) Membership functions of input volated De after learning process.
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Chapter 5
Future Work and Research
BMS remain the active area, especially when the new materials for battery are under re-
search and still developing in the future. The DC-DC converter controller for the energy
system, not only in BMS is also a promissing area. In this chapter, the new applications
of using our proposed controller are presented and the development of circuit design is
discussed.
Nowaday, the radio frequency (RF) signals are broadcasted from many sources such as:
radio transmitters, handheld devices, mobile station,... Therefore, the ability of har-
vesting energy from RF energy has resulting benefits for small devices, especially for
the devices which are used in remoted area or hard to be removed or replaced such as
implanted biomedical devices. Battery-free based devices can replace the battery-based
system in the future, because of their advantages in connections, freedom of placement
and mobility. These devices can be designed to operate until gathering sufficient energy.
The domination of RF signals and transmitters provides the sources for harvesting de-
vices. However, the RF energy harvested from these sources is a very small and only
applicable for very low-energy electronic devices. There is no evidence for deduction of
demand on mobile system in the future. Therefore, the system harvests energy from
RF and other sources are on demand to employ free energy from environment. Mo-
bile phones are utilized everywhere, provide a large source of energy, especially in the
big cities. So it enable users to power-on-demand for a variety of close range sensing
applications. Also the number of wifi broadcasting and wireless transmitters transmitt
significant energy through the air, especially in some urban environments, it is possible
to detect hundreds of wifi access points from a single location. At short range, such
as in a house, it is possible to harvest a tiny amount of energy from a typical wireless
transmitting, television at a small power. For longer-range operation, it maybe hard to
harvest enough energy from only few sources for devices. Therefore, the multi-source
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harvesting system is a possible and promissing solutions. At the same place, the battery-
free devices have ability to gather energy from many kinds of source such as RF, thermal,
vibration,...energy, they are under researching recently. At the close range, low-power
transmitter including television, laptops, personal wireless transmitter,... can be used
to trickle charging a number of smaller devices, especially handheld devices or wearable
medical sensors.
At the wider range, the power can be used for remote sensors in wide area as in HVAC
applications, building monitoring. Depending on requirement of power and working
environment, system can be designed to harvest energy from available sources. For ex-
ample, the implant biomedical sensors can employ RF energy and vibration based on
the movement of users. An important performance aspect of an RF energy harvester is
the ability to maintain RF-to-DC conversion efficiency over a wide range of operating
conditions, including variations of input power and output load resistance. Then a DC-
DC converter is utilized to extract power from a low-voltage power source.
The following part presents the circuit design and operation of the proposed dc-dc con-
verter and circuit controller which base on fuzzy logic theory.
In RF energy harvesting system, energy harvested from RF-DC conversion is very low
energy with output voltage of rectifier is in the range of 0.05 - 0.2 V. The DC-DC con-
verter is utilized to transfer the original low dc voltage to a higher usable level ( 3V).
The converter operates in the discontinuous conduction current mode (DCIM), which is
more efficient for low-power loads due to reduced switching energy losses. For maximum
efficiency energy transferring, the fuzzy-based control circuit is proposed. The overall
system using the proposed fuzzy control circuit is shown in Fig. 2. RF energy harvester
is required for low-power devices that is easy to get from ambient. However, most of
recent RF energy harvesters require a controller for voltage monitor and controling dc-dc
converter, that consume much of harvested power. The digital controller is to control
the input impedance of dc-dc converter to deliver a maximum power to the output.
Therefore, the power manager including dc-dc converter and control circuit is one of
the limits of current practices in designing RF energy harvester. Hence, the fuzzy based
control circuit for dc-dc converter which consumes low power and qualifies high response
speed in compared with the conventional digital controllers could be a solution as shown
in 5.1.
In this proposed system, the harvested energy from multi-sources is converted into
DC voltage which is represented as vg(t). Since the input voltage gathering from many
sources could be in the wide range, the fuzzy based control circuit is designed to drive
the DC-DC conversion in order to obtain the highest energy efficency.
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Summary and Conclusion
A general and insightful analysis of BMS systems is presented in 1. The characteris-
tics and differences of Lithium-ion in compare with other type of battery cells are also
discussed in this part. From this basic knowledge about charging and discharging char-
acteristics of Lithium-ion cell, the demand on equalization circuit and controller are
understood and disscussed in 2. 3 was presented the proposed system in which an intel-
ligent learning and adaptable algorithm of ANFIS is employed for tuning parameters of
an analog adaptive neuro-fuzzy controller that is implemented in a standard 0.13− µm
CMOS technology. Based on these structures of the proposed system, hybrid learning
ability and adaptability are enabled in battery equalization system. The performance
of ANFIS was evaluated using standard error measurement. The proposed architecture
was verified in variery conditions of working environment as can be seen in 4. Although,
nowadays Lithium-ion battery has served well in almost applications since it was in-
vented an proposed in 1970s by M. S. Whittingham, the ideal power sources that satisfy
a host of commercial and industrial uses and even power grids are really challenging
researchers around the world. Therefore, the new material and any replacement will
revolutionize the way we control energy. However, this proposed research is not only
applicable for Lithium-ion, it could be developped to suitable with any kind of energy
sources. Another application of the proposed control circuit was proposed in 5, has been
researching recently and really a promissing field.
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